IntroDuctIon
Nuclear proteins accumulate in specific subnuclear areas to execute their functions. For example, ionizing radiation-induced DNA DSBs recruit a number of proteins to chromatin regions flanking DSBs [1] [2] [3] [4] [5] [6] [7] . The localization of these proteins to a single DSB can be visualized as a discrete focus by fluorescence microscopy, but not all factors are detectable. Presumably, the number of such proteins accumulated at the site of a single DSB is insufficient for detection by standard immunofluorescence. To avoid this problem, generating multiple DSBs within a limited nuclear area is necessary. A number of techniques have been developed to fulfill this purpose; however, all these methods require laser sources or other specific devices. For example, studies using an ultraviolet A (UVA) laser in combination with BrdU labeling have stimulated experiments with UVA lasers of different wavelengths to examine the spatiotemporal dynamics of proteins involved in DNA damage response and DNA damage repair [8] [9] [10] [11] [12] [13] [14] . More recently, green and near-infrared lasers, which do not require BrdU labeling, have been applied [15] [16] [17] . Various types of microirradiation systems, which enable partial nuclear irradiation, have also been developed 18 . These include microfocal irradiation with soft X-rays, and microbeam irradiation with charged particles or heavy ions [19] [20] [21] [22] [23] [24] [25] . However, although laser microirradiation or focal irradiation techniques are advantageous, the requirement for specific devices limits their application.
Recently, we reported the recruitment of proteins involved in DNA damage checkpoints and DNA damage repair to DSBs that were locally created with UVC microirradiation 26 ; these findings make studies of localized DNA damage accessible to more laboratories. Although the use of microporous membranes and UVC light had been previously described, these original studies were intended to create UVC-induced cyclobutane pyrimidine dimers (CPDs) and (6-4) photoproducts . We combined microirradiation and BrdU labeling to generate localized DSBs 26 . This protocol is derived from the original description in that study. Microirradiation is achieved by UVC irradiation through micropore membranes with different pore sizes. Although UVA light has been used for creating DSBs in combination with halogenated thymidine analogs 30 , UVC is a preferable light source, as it is significantly more effective at photosensitizing BrdU in DNA. This photochemical reaction is required for creating DSBs 31 . We showed that UVC microirradiation efficiently induced DSBs that were quantitatively and qualitatively equivalent to those created by laser microirradiation. Furthermore, we found that UVC microirradiation enabled visualization of the recruitment of proteins involved in DNA damage repair and response, as well as those involved in chromatin architecture and remodeling.
In summary, this protocol provides a simple, reliable and undemanding method for creating localized DSBs. It obviates the need for laser sources or specialized devices; thus, the protocol can be followed easily by researchers without any specific previous experience. This will facilitate the investigation of the impact of DNA damage on higher-order chromatin structure, genome rearrangements, transcription and replication. The disadvantage of this protocol is that UVC exposure alone creates UV-specific base damage, such as in CPDs and 6-4PPs; however, the effects of UV damage can be eliminated by including simple control experiments in which the cells are exposed to UVC without BrdU labeling.
Experimental design BrdU labeling.
This technique is applicable to any exponentially growing cell or tissue. BrdU is a widely used synthetic analog of thymidine, which is incorporated into newly synthesized DNA. Cells cultured in a medium containing BrdU use it as a nucleoside source, and consequently those in the S phase are labeled with BrdU. BrdU incorporated into DNA is photoactivated by UV light and creates single-strand breaks in close proximity, thus resulting in DSBs. As cell growth kinetics and thymidine pool sizes are very different between cells, the optimal concentration of BrdU should be determined carefully. Begin with BrdU concentrations between 0.4 and 10 µM, as is commonly reported in the literature. The optimal incubation time must also be determined carefully. . Localized DSB formation becomes apparent after a dose of 10 J m − 2 or more. In most cases we use 30 J m − 2 . The number of DSBs in a 5-µm-diameter area after exposure to 30 J m − 2 is estimated to be equivalent to that induced by 2 Gy of X-rays, which is about 80 DSBs.
As UVC alone can induce phosphorylation of histone H2AX, when coupled with nucleotide excision repair, the appropriate UVC dose should be examined carefully. Although we were unable to detect phosphorylation of histone H2AX with 30 J m − 2 of UVC in our cells without BrdU labeling, nucleotide excision repair-coupled phosphorylation has been reported in the G1 or G2 phase with 60-100 J m − 2 of UVC 32, 33 . In quiescent cells, phosphorylation was detected after 10 J m − 2 or less 33, 34 . Thus, a UVC dose that does not elicit any significant confounding effects needs to be determined.
Membrane pore size. The pore size is another factor to be determined before experimentation. There are several types of micropore membranes with different pore sizes. As the pore size increases, the pore density decreases. With a 5-µm micropore membrane, one or two subnuclear areas are targeted. With 3-µm and 2-µm micropore membranes, 2-4 and 5-7 areas are targeted, respectively (Fig. 1a) . We recommend beginning with a 5-µm micropore membrane.
Detection of DSB formation. Although multiple DSBs are locally created by the protocol, current biochemical techniques are not sensitive enough to detect those DSBs. Therefore, indirect detection of DSBs with antibodies that recognize the factors related to DNA damage response is an alternative. So far, antibodies against antiphosphorylated histone H2AX at serine 139 has been widely used to locate DSBs 2 . Thus, although DSBs are formed immediately after exposure to UVC, a 30-min incubation is necessary to allow the immunological reaction of the antibody.
Controls.
To confirm that the results obtained reflect DSB formation, cells without BrdU labeling are exposed to UVC in the same way. Under certain conditions, BrdU alone may also be harmful to cells; thus, cells without microirradiation should be processed at the same time and in the same way as negative controls. DSB formation can be determined by immunofluorescence assay using antibodies to phosphorylated histone H2AX at serine 139; antibodies to phosphorylated ataxia-telangiectasia mutated (ATM) at serine 1981 and to p53 binding protein 1 (53BP1) can also be used for confirmation of the results. 2| Count the number of cells using a cell counter, resuspend cells in culture medium at 1 × 10 5 cells ml − 1 and pipette 0.5 ml of cell suspension onto 22 mm × 22-mm cover slips in 35-mm culture dishes so that the immunological detection of DSBs becomes possible (Fig. 1) . Incubate cells in a CO 2 incubator for 6-12 h. (Fig. 2) .
Expose to 10-30 J m − 2 UVC light in a UVC irradiation box at a dose rate of 1.0 J m − 2 s − 1
. Use surgical forceps to handle micropore membranes.
! cautIon Adequate precautions should be taken when using UV light sources. Exposure of unprotected skin and eyes should always be avoided. Excessive exposure to highintensity UVC light can cause inflammation of the conjunctiva; damage to the cornea, iris and lens of the eyes; and reddening or burning of the skin.  crItIcal step This is the most critical step. Because cells are sensitive to osomotic change, complete this step as quickly as possible. Moreover, it is important to remove as much PBS( − ) as possible, as residual PBS( − ) may cause diffraction of UVC light, which results in diffused formation of DSBs (Fig. 1b) . Care should also be taken not to trap bubbles between the membrane and cells. A part of the cells may be left uncovered (Fig. 2) so that BrdU labeling and UVC dose can be checked (Fig. 1c) . ? trouBlesHootInG 5| After exposure, add stored culture medium (from Step 4) so that the membrane readily comes off the cells. Remove the membrane and incubate cells in a CO 2 incubator for 30 min at 37 °C. 
Immunological detection of DsBs

7|
Pipette 100 µl of antibody solution onto the cells and incubate the samples in the CO 2 incubator for 2 h at 37 °C.  crItIcal step One mouse and one rabbit antibody can be added to the same antibody solution so that they can be distinguished in the next step using differently coloured fluorochromes. Make antibody solution containing these antibodies together, then apply 100 µl of the mixed antibody solution.
8|
Wash with PBS( − ) once and pipette 100 µl of Alexa Fluor 488-labeled anti-mouse IgG antibody or Alexa Fluor 594-labeled anti-rabbit IgG antibody diluted in TBS-DT (1:1,000) onto the cells. If both mouse and rabbit antibodies were used together, they can be added simultaneously. Make antibody solution containing these antibodies together, then apply 100 µl of the mixed antibody solution. Any fluorochromes can be used. Incubate the samples in a CO 2 incubator for 1 h at 37 °C.
9|
Wash with PBS( − ) and place the cover slips cell-side-down into a drop of PBS(-) containing 10% (vol/vol) glycerol and 0.1 µg ml − 1 DAPI on the glass slides. Turn the slide over and seal the edges of the cover slip with Eukitt.  pause poInt Slides can be stored for up to 1 month at 4 °C.
10|
Examine slides with a Leica DM3000B microscope. Acquire z-stack images every 0.5 µm at ×400 magnification and create deconvoluted images by maximum-intensity projections according to the manufacturers' instructions. Acquire images in individual colors using a Leica HCX PL FLUOTAR ×40 dry lens (with an NA of 0.75) and filter cube A4 . 1b) . Care should also be taken not to trap bubbles between the membrane and cells. Some cells may be left uncovered so that BrdU labeling and UVC dose can be checked by the pan-nuclear signal of phosphorylated histone H2AX (Fig. 1c) .
• tIMInG Steps 1 and 2, cell preparation: 15 min 
antIcIpateD results
The protocol efficiently creates localized DSBs in a subnuclear area of a cell nucleus that are detectable by phosphorylation of histone H2AX at serine 139 (Fig. 3a) . DSB formation is confirmed by localized activation (phosphorylation) of ATM, which is the sensor protein for DSBs and the kinase responsible for phosphorylation of histone H2AX at serine 139 (Fig. 3b) . With this protocol, recruitment of proteins involved in DNA repair and DNA damage checkpoints is also detectable (Fig. 3b) . DSB signals induced by UVC exposure alone in the absence of BrdU labeling are very weak (Fig. 3a) , so that the effect of UV damage, such as CPDs and 6-4PPs, on DSB formation is usually negligible in G1-and G2-phase cells, although the possibility should always be taken into consideration. Inefficient DSB induction may result from insufficient BrdU labeling and inappropriate UVC exposure. This can be checked by antiphosphorylated histone H2AX at serine 139, as UVC exposure of BrdU-labeled cells without micropore membrane generates strong whole-nuclei immunofluorescence signal (Fig. 1c) . 
